A whole-genome admixture scan in 1,597 African Americans identified a 3.8 Mb interval on chromosome 8q24 as significantly associated with susceptibility to prostate cancer [logarithm of odds (LOD) ‫؍‬ 7.1]. The increased risk because of inheriting African ancestry is greater in men diagnosed before 72 years of age (P < 0.00032) and may contribute to the epidemiological observation that the higher risk for prostate cancer in African Americans is greatest in younger men (and attenuates with older age). The same region was recently identified through linkage analysis of prostate cancer, followed by fine-mapping. We strongly replicated this association (P < 4.2 ؋ 10 ؊9 ) but find that the previously described alleles do not explain more than a fraction of the admixture signal. Thus, admixture mapping indicates a major, still-unidentified risk gene for prostate cancer at 8q24, motivating intense work to find it. association ͉ human genetics
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association ͉ human genetics P rostate cancer is the most common noncutaneous malignancy among U.S. men, with an estimated 234,460 new cases and 27,350 deaths in 2006 (1) . African Americans have the highest incidence of prostate cancer in the United States, Ϸ1.6-fold higher than European Americans (http:͞͞jncicancerspectrum. oxfordjournals.org͞cgi͞statContent͞cspectfstat;18). The higher risk (2) (3) (4) prompted the hypothesis that genetic factors in part account for this difference. If there are genetic risk variants that differ substantially in frequency across populations, admixture mapping should have power to detect them.
The idea of admixture mapping is to screen through the genome of populations of mixed ancestry such as African Americans (5), searching for regions where the proportion of DNA inherited from either the ancestral European or African population is unusual compared with the genome-wide average. Admixture mapping requires a relatively small number of markers for a whole-genome scan: a couple of thousand, rather than the hundreds of thousands estimated to be necessary in nonadmixed populations (5, 6) . Because the mixture between European and West-African populations occurred within the past 15 generations (5), stretches of DNA with contiguous European and African ancestry have not had much time to break up because of recombination and typically extend millions of base pairs. Admixture mapping therefore studies highly selected SNPs every few million base pairs (Mb), rather than every few thousand as with linkage disequilibrium mapping.
Although admixture mapping was first proposed Ͼ50 years ago (7) and has good power to detect risk variants that are strikingly different in frequency across populations (6, 8) , it has not been practical until recently. Appropriate panels of markers (5), combined with analytical methods (8-10), made possible the first admixture scans (11, 12) in 2005. Here, we describe a whole-genome admixture scan focusing on prostate cancer, a disease that has long been considered a test case for admixture mapping because of its marked difference in incidence rates across populations. We identify a highly significant association at 8q24. The same broad region has recently been implicated in prostate cancer by Amundadottir et al. (13) . In addition to providing independent evidence of a locus at 8q24, the present study provides two pieces of information. First, we show an association with earlier age of diagnosis. Second, we show that the alleles identified in the previous study are insufficient to explain more than a small fraction of the admixture signal. Thus, the causative alleles remain to be identified.
Results
We studied 1,597 prostate cancer cases and 873 controls, the majority of which were participants in the Multiethnic Cohort study (14) (810 cases and 730 controls) ( Table 5 , which is published as supporting information on the PNAS web site). The other samples came from six studies, including studies that specifically ascertained cases with high-grade tumors, advancedstage disease, diagnosis at a young age, or occurrence in a family with multiple affected individuals (15) (16) (17) (Table 1 ). The present study was designed to include more cases than controls, because admixture mapping works by comparing the proportion of ancestry in cases to the rest of their own genomes. In principle, controls are not needed (6, 8) ; however, we included controls because they are useful for follow-up analyses (8) .
All 2,470 samples (1,597 cases and 873 controls) were genotyped by using one of two panels of markers chosen to be highly different in frequency between West Africans and European Americans (5) . A total of 1,792 samples were genotyped in the ''phase 1'' panel [previously used in a scan for multiple sclerosis genes (12)] and 1,266 SNPs passed quality filters and were used in analysis (Table 6 , which is published as supporting information on the PNAS web site). The remaining 678 samples were typed in a second-generation ''phase 2'' panel that extracts more information per SNP; 1,365 SNPs passed quality filters and were used in analysis. The analysis combines information from both panels into a single logarithm of odds (LOD) score statistic at each locus; observations Ͼ5 are considered strongly indicative of a disease locus (8) . Formal significance is assessed by Bayesian methods. We take 10 to the power of the LOD score and average across points spaced every centimorgan across the genome. If the genome average is Ͼ100, then the Bayesian odds in favor of a disease locus is 100:1, and we interpret the data as showing significant evidence of a disease gene (8) .
An initial admixture scan of 1,303 African-American prostate cancer cases produced a peak LOD score of 2.2 at 8q24. The signal was higher in a secondary analysis of individuals with a younger age at diagnosis, with the peak LOD score rising to 3.8 in the individuals who were Ͻ68 years of age (the threshold giving the strongest evidence of association). After genotyping 294 additional cases and 15 additional SNPs at 8q24 to obtain better local information about ancestry (see Materials and Methods), the peak LOD score increased to 4.1 in all cases and as high as 8.4 in the 1,176 who were diagnosed at Ͻ72 years of age. To correct for inflation of the score because of choosing the age threshold that gave the strongest significance, we integrated the evidence for association over an evenly spaced range of cutoffs (see Materials and Methods and Table 7 , which is published as supporting information on the PNAS web site). This analysis yielded a peak LOD score of 7.1 (Fig. 1) . Averaging 10 to the power of the LOD scores at equally spaced points genome-wide, we obtained a genome-wide average score of Ϸ19,000, exceeding the threshold of 100 for significance (8) . After correcting for multiple hypothesis testing [by dividing by 4, because we tested four phenotypes (age, grade, stage, and familial disease) and focused on the one giving the strongest evidence], the odds in favor of a disease locus still greatly exceeded the threshold of 100 for significance.
The analysis in the previous paragraph used age of diagnosis as a covariate but did not directly test whether men with younger age of diagnosis have higher risk at 8q24 than older men. To formally test this hypothesis, we exploited the fact that ANCESTRYMAP software (see ref. 8 and http:͞͞genepath.med.harvard.edu͞ϳreich) assigns scores for association to each individual separately (e.g., individual factors such as Ϫ0.02, 0.12) and then sums over all individuals to produce the total LOD score ( Table 2) . We rankordered the 1,588 cases in the scan for whom we had age information from youngest to oldest (Fig. 2) . If the locus is not associated with age of diagnosis, the cumulative LOD should increase steadily to reach the total as additional samples are added. In fact, it rises to 5.4 LOD points above expectation at 71 years of age. To test whether this rise is significant, we permuted the data, reassigning ages of onset to different individuals (so that, in the randomized data, there could be no relationship between age of onset and allelic variation). In 1,000,000 permutations, only 318 showed a change in LOD score compared with the expectation exceeding the observed 5.4 (P Ͻ 0.00032). Repeating the analysis with a subset of samples obtained from a single prospective cohort [804 cases of African Americans with prostate cancer from the Multiethnic Cohort (MEC) Study], the association to age was also significant (P Ͻ 0.0011). These results indicate that there is a formally significant association of prostate cancer to ordering by age. We did not detect any associations when a similar analysis was applied to other subphenotypes: stage, grade, or family history (Supplemental Note PCGP, Prostate Cancer Genetics Project; Euro., European. *To assess how much each of the seven cohorts contributes to the signal of association, we removed each from the main admixture scan (run no. 9 in Table 2 ) and assessed how the peak LOD score at 8q24 changes. All seven cohorts contribute positively. 1 in Supporting Text, which is published as supporting information on the PNAS web site).
To explore how much of the increased incidence of prostate cancer in African-American men might be explained by African (as compared with European) ancestry at 8q24, we evaluated the risk for individuals carrying zero, one, and two chromosomes with African ancestry at the locus. Each African-derived chromosome is associated with Ϸ1.54-fold increased risk in younger individuals (90% credible interval 1.38-1.74) (Supplemental Note 2). We also estimated the proportion of control samples with zero, one, and two African-derived chromosomes, respectively (6.4%, 37.8%, and 55.8%, respectively). Extrapolating to the broader African-American population, the prostate cancer incidence in all African Americans I ALL is higher than the incidence I EE in individuals who inherited two European-derived chromosomes at the locus by a factor of [(0.064) (1) ϩ (0.378)(1.54) ϩ 0.558(1.54
2 )] ϭ 1.969. Thus, the fraction of all prostate cancer incidence for African Americans Ͻ72 years of age that could be explained by ancestry at this locus is (I ALL Ϫ I EE )͞I ALL ϭ 1 Ϫ (1͞1.969) ϭ 49% (with a 90% credible interval of 39-59%). Thus, if it were possible to develop a treatment that reduced prostate cancer risk in the African-American population to the level that is seen in men who carry two copies of 8q24 inherited from recent European ancestors, the rate of prostate cancer would decrease by Ϸ49%. The total risk for prostate cancer that can be attributed to 8q24 in African-American men To formally test for a relationship between age of onset and contribution to the chromosome 8 locus, we rank-ordered the individuals by age of onset and then calculated a score for increasing age cutoffs. The score rises to 5.40 above the expectation for 1,176 individuals diagnosed at Ͻ72 years of age. To evaluate whether this rise is unexpected, we permuted the data 1,000,000 times, randomizing scores with respect to individuals' ages of onset (guaranteeing that there is no relationship between age of diagnosis and contribution to the evidence of association). In only 318 of 1,000,000 permutations did we see a rise as high as in our data (P Ͻ 0.00032).
Ͻ72 (13) . Thus, 8q24 has a major effect on population risk of prostate cancer, especially in younger African Americans.
Using the LOD scores at 8q24, we also calculated a posterior probability distribution to estimate the position of the diseasecausing variants (see Fig. 1b and Materials and Methods). The 95% credible interval spans 3.80 Mb, from 125.68-129.48 Mb in build 35 of the human genome reference sequence (13.9 cM) and contains nine known genes (Fig. 1c) . However, the admixture scan does not provide information about which gene or alleles within the locus confer risk.
Independently of this study, Amundadottir et al. (13) reported an SNP allele [A at rs1447295; odds ratio (OR) ϭ 1.51; P Ͻ 1.0 ϫ 10 Ϫ11 ] and a microsatellite allele (Ϫ8 at DG8S737; OR ϭ 1.62; P Ͻ 2.7 ϫ 10 Ϫ11 ) that map to the same region as the admixture peak (at 128.546 Mb and 128.554 Mb, respectively) and are highly associated with prostate cancer. The effect of the Ϫ8 allele was observed in European and African Americans, whereas the A allele effect was detected only in European-derived populations. The authors did not show, however, that either allele was causally involved in disease but instead suggested that they were both in linkage disequilibrium with an as-yet-unidentified causal variant. They also did not identify which gene in the region might be responsible for prostate cancer risk.
To directly compare the results of the two studies, we tested the previously associated alleles in the African-American cases and controls [excluding samples from Michigan, because they overlap those studied by Amundadottir et al. (13) ; see Materials and Methods]. The goal was to test whether the Ϫ8 allele at DG8S737 contributes to disease risk in African Americans beyond the risk that can be accounted for by the admixture signal. (Supplemental Note 3). We were concerned that the previously detected association in African Americans by Amundadottir et al. (13) (P Ͻ 0.0022, estimated OR of 1.60) might simply reflect an admixture signal across a large region (because of systematic differences in ancestry between cases and controls across several million base pairs of 8q24) and thus might not provide fine-mapping information in African Americans. Although Amundadottir et al. (13) tested for mismatching of cases and controls in overall proportion of ancestry, they did not control for a local rise in African ancestry throughout 8q24 in cases but not controls. Such a rise would be expected to cause thousands of alleles in the region that just happen to be more frequent in African Americans (including the microsatellite Ϫ8 allele) to show association with prostate cancer. When we correct for this effect in the African-American samples from the present study (Supplemental Note 3), we find that the contribution of the Ϫ8 allele to risk is nonsignificant (P ϭ 0.22) ( Table  3 ). The OR of 0.93-1.17 (95% credible interval) also rules out the OR ϭ 1.60 reported in African-Americans (13) .
We next expanded the replication analysis to the four ethnicities in the MEC other than African Americans, by genotyping rs1447295 in 1,614 prostate cancer cases and 1,547 controls from these populations. The evidence for association is significant overall (P Ͻ 4.2 ϫ 10 Ϫ9 ), as well as separately in each group: Japanese Americans (P Ͻ 0.00034), Native Hawaiians (P Ͻ 0.00015), Latino Americans (P Ͻ 0.0014), and European Americans (P Ͻ 0.022) ( Table 4 ). This analysis replicates the association identified by Amundadottir et al. (13) , although we did not test for the possible confounding factor of population stratification. Interestingly, we do not replicate the association to tumor grade (Gleason Ն8 vs. Gleason Ͻ8; P ϭ 0.47) reported by Amundadottir et al. (13) .
These results confirm the finding of Amundadottir et al. (13) that the 8q24 locus is important in prostate cancer. However, the alleles they reported do not explain the admixture signal (Supplemental Note 4 and Table 3 ). The specific variants causing increased risk for prostate cancer in African American because of 8q24 thus remain to be identified.
Discussion
We have used admixture mapping to identify a locus at 8q24 that substantially affects risk for prostate cancer. We highlight four findings.
First, this study shows that admixture mapping can be a powerful and practical way to map genetic variants for complex disease (5, 18) . The results motivate the application of admixture mapping to other disorders, especially those like prostate cancer in which incidence varies across populations. These results also highlight the scientific value of studies to find disease genes in specific ethnic groups, such as African Americans.
Second, we show that the 8q24 locus contributes to a major increased risk for prostate cancer in African Americans with African ancestry at 8q24. The difference between these individuals and African Americans with European ancestry at 8q24 explains a large proportion of prostate cancer in younger African Americans. If one could intervene medically to reduce the risk for prostate cancer in African Americans Ͻ72 years of age to what would be expected if all African Americans had European ancestry at the locus, the incidence in men Ͻ72 years of age would decrease by approximately 49%. We also show that the admixture signal at 8q24 cannot be explained by the alleles identified by Amundadottir et al. (13) ; instead, there must be major, unmapped risk alleles at the locus.
Third, we detect a highly significant association of 8q24 with age. This finding is intriguing because it is known epidemiologically that the differential incidence of prostate cancer in African versus European Americans is greater at younger ages and is attenuated with older age (ref. 19 ; http:͞͞jncicancerspectrum. oxfordjournals.org͞cgi͞statContent͞cspectfstat;18). Surveillance, Epidemiology, and End Results (SEER) Program registry data indicate that, for men diagnosed at Ͻ55 years of age, African Americans have a 2.27-fold higher rate than European Americans, but the ratio decreases to 1.48-fold for men diagnosed at Ն75 years of age (19) . Genetic variation at 8q24 may be responsible for part of this effect.
Fourth, we identify a 3.8-Mb interval containing nine known genes that is likely to harbor variant(s) explaining the admixture peak. This is a tractable region for follow-up analysis. Somatic genetic data independently highlight the 8q24 region as one of the most frequently amplified regions in prostate cancer tumors (20, 21) . The c-MYC oncogene, a key regulator in cellular proliferation, lies within the peak. Overexpression of c-MYC has been shown to induce tumors in mice and to create a cancer phenotype in benign prostatic epithelium (22, 23) . It is possible that c-MYC could be the gene responsible for the prostate cancer risk, but no structural or regulatory variant has yet been identified.
Follow-up work will be necessary to identify the as-yetundiscovered causal risk variant(s) at 8q24. Ultimately, discovering the causal gene(s) at 8q24 may translate into better Cases diagnosed at Ͻ72 years of age and all controls. P values are onetailed, testing for the previously associated allele (14) being more common (Supplemental Note 3) . CI, confidence interval. *For the haplotype test, we phased the cases and controls together, before carrying out the association analysis.
understanding of prostate cancer and may play a role in strategies for screening of the population and identifying new targets for treatment and prevention.
Materials and Methods
Samples. Samples were derived from seven sources ( Table 1 ). The largest number came from the Multiethnic Cohort (MEC), a prospective cohort that began in 1993 and is still ongoing, which ascertains prostate cancer cases and controls by linking to databases from the California Cancer Registry, the Los Angeles County Cancer Surveillance Program, and the Hawaii Cancer Registry (14) . The samples used in the admixture scan were all African-American cases and controls; however, for the validation genotyping of the rs1447295 SNP, we also genotyped prostate cancer cases and controls from four other ethnicities in the MEC: European Americans, Latino Americans, Japanese Americans, and Native Hawaiians. (16, 17) overlap with those studied by Amundadottir et al. (13) . The samples were provided by K.A.C. for replication purposes blinded to the locus under study. The results reported here, which also use a different type of information to localize disease genes (admixture linkage disequilibrium), are thus fully independent.
Genotyping. The phase 1 and phase 2 panels of SNPs were both genotyped by using the Illumina BeadLab genotyping platform (24) [supplemented for phase 1 by Sequenom MassARRAY genotyping (25) Admixture Analysis. We used the ANCESTRYMAP software (8) to carry out the screens for association with prostate cancer. ANCESTRYMAP calculates a statistic for association at every position in the genome, under a prespecified family of risk models, calculating the likelihood of the data at the locus under an average of disease models versus the likelihood of the data if the locus has nothing to do with disease (the log base 10 of this is the LOD score). For most runs, we assume equally likely models of 0.3-, 0.4-, 0.6-, 0.7-, 0.8-, 1.2-, 1.5-, and 2-fold increased risk because of each copy of a European allele. This family of models reflects the hypothesis that African-derived alleles are more likely to confer risk but also tests for the alternative possibility. To obtain an overall assessment of the evidence for a disease locus anywhere in the genome, we average the factors for association at each point separately, providing a genomewide assessment of whether there is a locus in the genome affecting risk.
Admixture Scan Accounting for Age of Diagnosis. We carried out an admixture scan taking into account the possibility that individuals with a younger age of diagnosis contribute a more powerful admixture signal, while not inappropriately inflating the signal of association by picking the cutoff giving the strongest signal. We ran 22 independent scans for all individuals in the data set with diagnosis at Ͻ50, Ͻ53, Ͻ56, Ͻ57, Ͻ59, Ͻ60, Ͻ61, Ͻ62, Ͻ63, Ͻ64, Ͻ65, Ͻ66, Ͻ67, Ͻ69, Ͻ70, Ͻ71, Ͻ73, Ͻ74, Ͻ75, Ͻ76, and Ͻ78 years of age, as well as all cases (Table 7) . Approximately 73 new samples were added in for each consecutive run. We then averaged the genome scores for association, which gives a statistically appropriate assessment of the evidence for association.
Permutation Analysis to Test Whether Some Phenotypes Contribute
Unduly to the Signal of Association at 8q24. To test whether the correlation of the 8q24 admixture association with a phenotype is significant, we carried out permutation analyses, considering separately the effect of stage of disease, grade of tumor, family history, and age of diagnosis ( Fig. 2 and Supplemental Note 1).
For each phenotype, we rank-ordered individuals by their values of the phenotype. We then calculated a cumulative LOD score at SNP rs780321 (used to mark the peak) for all individuals below each cutoff. We recorded the greatest excess or shortfall of the cumulative LOD score compared with the expectation if it increased linearly. We then wrote a PERL script to randomly permute the values of the phenotype over the samples, eliminating any relationship between the phenotype and score. A P value was calculated as the fraction of 1,000,000 permutations that produced a score for association as extreme as the data.
Inferring the Position of the Disease Locus. To infer the position of the disease locus, we note that the LOD scores at each point of the genome can be taken to the power of 10 to give the relative probability of that locus containing the disease allele. After normalization, this calculation provides a probability distribution for the position of the locus. A 95% credible interval is obtained from the central area under the peak (Fig. 1c) .
